The effect of previous exposure to psychostimulants on the subsequent self-administration of cocaine as well as reinstatement of this behavior by priming infusions of AMPA into the nucleus accumbens (NAcc) was examined. Rats were exposed to five injections, one injection every third day, of either saline or amphetamine (AMPH: 1.5 mg/kg, i.p.). Starting 10 days later, they were trained to selfadminister cocaine (0.3 mg/kg/infusion, i.v.) and subsequently tested under a progressive ratio (PR) schedule for 4 consecutive days. As expected, rats exposed to AMPH worked more and obtained more cocaine infusions than saline exposed controls on the PR test sessions. Following daily extinction sessions during which saline was substituted for cocaine, the effect of priming infusions of AMPA (0.0, 0.08, or 0.8 nmol/0.5 ml/side) into the NAcc was then examined on two tests: one conducted 4 days after the last cocaine PR test session (2-3 weeks after the last AMPH exposure injection) and the next 4 weeks later. Consistent with previous reports, NAcc AMPA dosedependently reinstated cocaine seeking on both tests regardless of exposure condition. Importantly, this priming effect of NAcc AMPA was significantly enhanced in AMPH compared to saline exposed rats on the first test conducted 2-3 weeks after AMPH. On the second test, conducted 4 weeks after cocaine, reinstatement was similarly enhanced in both groups to levels observed on the first test in AMPH exposed rats. These results indicate that both noncontingent (AMPH) and contingent (cocaine) exposure to psychostimulants enhances the reinstatement of cocaine seeking by NAcc AMPA and appears to do so in a time-dependent manner.
INTRODUCTION
One of the hallmarks of psychostimulant addiction is compulsive drug seeking with a tendency to relapse even after long periods of abstinence (Jaffe, 1990) . In drugabstinent humans, a single exposure to the drug (Jaffe et al, 1989) or to drug-related cues (Childress et al, 1993) can trigger intense craving that often precipitates relapse. In animal models, the noncontingent administration of a drug or presentation of drug-related cues or a stressor reinstates extinguished operant responding for psychostimulants (Shalev et al, 2002) .
It has long been known that the ability of psychostimulants to support self-administration is critically dependent on their ability to increase extracellular concentrations of dopamine (DA) in the nucleus accumbens (NAcc) (Di Chiara, 1995; Koob et al, 1998; Wise, 1998) . As such, it is reasonable to suspect that NAcc DA may also underlie the ability of noncontingent injections of these drugs to reinstate extinguished self-administration behavior. Consistent with this view, systemic priming injections of DA receptor agonists (Wise et al, 1990; Self et al, 1996) or noncontingent infusions of DA into the NAcc (Cornish and Kalivas, 2000) reinstate cocaine seeking. Curiously, however, infusing a DA receptor antagonist into the NAcc blocks the reinstatement of cocaine seeking by NAcc DA (Cornish and Kalivas, 2000) but not by systemic cocaine (Cornish and Kalivas, 2000; McFarland and Kalivas, 2001 ). These results, together with others showing that cocaine infused into the NAcc or prefrontal cortex reinstates drug seeking (Park et al, 2002) , suggest that actions of cocaine other than its increase of extracellular levels of NAcc DA are involved.
While the NAcc constitutes the major subcortical terminal field of DA perikarya located in the ventral tegmental area, it also receives extensive glutamatergic projections directly from the prefrontal cortex and limbic structures such as the hippocampal formation and amygdala (Christie et al, 1987; Meredith et al, 1993) . These structures have been implicated in the reinstatement of drug seeking by drug-paired stimuli (amygdala and hippocampus; Grimm and See, 2000; Vorel et al, 2001) and cocaine (prefrontal cortex; Park et al, 2002; McFarland et al, 2003) as have their glutamatergic projections to the NAcc. Thus, cocaine-induced reinstatement is associated with an increase in extracellular glutamate levels in the NAcc (McFarland et al, 2003) . AMPA receptors appear to be specifically implicated because infusing AMPA into the NAcc reinstates drug seeking (Cornish et al, 1999; Cornish and Kalivas, 2000) while infusion of AMPA receptor antagonists into this site blocks the reinstatement produced by systemic cocaine, NAcc DA, or cocaine in the prefrontal cortex (Cornish and Kalivas, 2000; Park et al, 2002) as well as responding for cocaine-associated cues under a second-order schedule of reinforcement (Di Ciano and Everitt, 2001) . NMDA receptor agonists and antagonists have been reported to produce mixed effects (Cornish et al, 1999; Cornish and Kalivas, 2000; Park et al, 2002) . Collectively, these findings suggest an essential role for glutamate afferents in the NAcc and local AMPA receptors in particular in the reinstatement of drug seeking by cocaine.
Interestingly, NAcc AMPA receptors are also involved in the expression of locomotor sensitization by psychostimulants. For example, infusions of AMPA into the NAcc produce enhanced locomotion in animals exposed to cocaine 2-3 weeks earlier (Bell and Kalivas, 1996; Pierce et al, 1996a) and AMPA receptor antagonists administered systemically (Karler et al, 1991; Tzschentke and Schmidt, 1997; Jackson et al, 1998; Mead and Stephens, 1998; cf, Karler et al, 1994; Li et al, 1997) or into the NAcc (Pierce et al, 1996a; Bell et al, 2000) prevent the expression of locomotor sensitization by amphetamine (AMPH) and cocaine. When taken in light of the above findings and others showing that sensitization enhances the pursuit and self-administration of drugs (Vezina, 2004) , these results suggest that previous exposure to psychostimulants should enhance the ability of NAcc AMPA to reinstate drug seeking. A link between sensitization and reinstatement of drug seeking has also been proposed by others (De Vries et al, 1998 . The present experiments assessed this possibility.
METHODS

Subjects
Male Long-Evans rats (Harlan Sprague-Dawley, Madison, WI; Toconic, German Town, NY) weighing 250-275 g on arrival were used. They were individually housed with food and water freely available in a reverse cycle room (12-h light/12-h dark) for the duration of the experiment. Animals were always tested during the dark period of the light cycle.
Apparatus
In total, 15 chambers, each measuring 22 Â 43 Â 33 cm 3 , were used for cocaine self-administration. Each chamber was made of stainless-steel (rear and two side walls), a Plexiglas front hinged door and a tubular stainless-steel ceiling and floor. These chambers were placed in a plastic box that shielded animals from extraneous disturbances. White noise was supplied in each box by a ventilating fan. A lever (5 cm above the floor) and a stimulus light (13.5 cm above the lever) were positioned on the right side wall. Each chamber was equipped with a liquid swivel system comprised of a steel-spring tether, a liquid swivel and an infusion pump (Razel Scientific Inc., Model, A.E) that allowed free movement of the animal in the chamber and delivery of drug upon depression of the lever. The tether was connected to the animal by screwing its captive collar onto the threaded portion of a custom-designed Lshaped Plastics One cannulae (20 gauge) secured to the animals skull (see Pierre and Vezina, 1997) . Lever presses and drug infusions were recorded and controlled via an electrical interface by a computer using locally developed software.
Drugs
S( þ )-amphetamine sulfate (AMPH), (À)-cocaine hydrochloride (cocaine) and (7)-alpha-Amino-3-hydroxy-5-methylisoxazole-4-propinic acid hydrobromide (AMPA) were obtained from Sigma Inc. (Saint Louis, MO). Drugs were dissolved in sterile saline (0.9% w/v) for i.c., i.p., and i.v. routes of administration. Doses refer to the weight of the salt.
Surgery
For all surgical procedures, rats were anesthetized with a mix of ketamine (100 mg/kg, i.p.) and xylazine (6 mg/kg, i.p.). For intracranial implantation of cannulae, animals were placed in a stereotaxic instrument with the incisor bar positioned 5.0 mm above the interaural line (Pellegrino et al, 1979) and implanted with chronic bilateral guide cannulae (22 gauge, Plastics One, Roanoke, VA) aimed at the NAcc (A/P, þ 3.4; L, 71.5; DV, À7.5 from bregma and skull). Cannulae were angled at 101 to the vertical and positioned 1 mm above the final injection site. After surgery, 28 gauge obturators were placed in the guide cannulae and rats were returned to their home cages for a 5-7 day recovery period.
For cocaine self-administration, rats were surgically implanted with an i.v. catheter into their right external jugular vein as described by Pierre and Vezina (1997) . The intravenous catheter used was made of silastic tubing (Dow Corning, Inc.). Catheters were flushed daily with a 0.9% sterile saline solution containing 30 IU/ml heparin and 250 mg/ml ampicillin in order to promote patency. Seven rats (AMPH, four; saline, three) were dropped because their catheters became nonpatent or developed leaks.
All surgical procedures were conducted using aseptic techniques according to an approved IACUC protocol.
Design and Procedure
The study consisted of five phases: exposure, cocaine selfadministration training, cocaine self-administration testing, extinction, and testing for reinstatement. The last two phases were repeated twice, once starting the day after the last cocaine self-administration session and again 4 weeks later. Rats were randomly assigned to different groups depending on exposure (AMPH or saline) and test for reinstatement (0.0, 0.08, or 0.8 nmol/side of AMPA) conditions. Thus, rats in six different groups were tested: saline-saline, saline-AMPA 0.08, saline-AMPA 0.8, AMPHsaline, AMPH-AMPA 0.08, and AMPH-AMPA 0.8, where group name indicates the exposure condition first and the test for reinstatement condition second. Table 1 outlines the different experimental phases and the groups tested.
Exposure. Starting 3-5 days after arrival, animals were administered a total of five injections of AMPH (1.5 mg/kg, i.p.) or saline in their home cage, one injection every third day. Similar exposure regimens have been shown to produce sensitized locomotor and NAcc DA responses to a subsequent AMPH challenge injection (eg Vezina et al, 2002) as well as enhanced self-administration of AMPH (Lorrain et al, 2000; Vezina et al, 2002) .
Cocaine self-administration training. Training for cocaine self-administration began 10 days after the final drug exposure injection, at least 3 days after animals received their i.v. catheters and 5 days after implantation of the intracranial guide cannulae. Cocaine self-administration sessions were held daily and lasted for 3 h. In all cases, reinforced presses on the lever delivered an infusion of cocaine through the i.v. catheter (0.3 mg/kg/infusion). The cocaine solution was injected in volumes of 0.10-0.13 ml/ infusion at a rate of 1.6 ml/min. For 15 s immediately following reinforced depressions of the lever, a stimulus light above the lever was lit and lever presses were recorded but did not lead to further infusions.
An experimenter-delivered priming infusion of cocaine (0.3 mg/kg, i.v.) was given at the beginning of each session. The initial schedule used was a fixed ratio 1 (FR1) schedule of reinforcement and it was increased to an FR2 schedule once animals successfully administered an additional nine infusions within the 3-h session. Rats were then again required to self-administer an additional nine infusions within a 3-h session under the FR2 schedule. Animals that did not satisfy each of the FR1 and the FR2 criteria (ie nine infusions in a 3-h session) within 5 days were excluded from the study. In total, 22 rats were thus excluded (AMPH exposure, 12; saline exposure, 10). Days to satisfaction of the training criteria under each FR schedule were recorded.
Cocaine self-administration testing. Upon satisfactory completion of self-administration training under the FR schedules, rats were tested daily under a progressive ratio (PR) schedule of reinforcement for 4 days. Under this schedule, the number of responses required to obtain each successive infusion of cocaine was determined by ROUND (5 Â EXP(0.25 Â infusion number)À5) to produce the following sequence of required lever presses: 1, 3, 6, 9, 12, 17, 24, 32, 42, 56, 73, 95, 124, 161, 208, etc (Richardson and Roberts, 1996) . The daily PR sessions were terminated when 1 h elapsed without a drug infusion and, as a result, generally lasted 3 h or less. The final ratio attained has been defined as the subject's break point (Richardson and Roberts, 1996) . Priming infusions were not given during these sessions. The number of infusions obtained in each PR session was recorded.
Extinction 1. Starting the day following the cocaine selfadministration testing phase, all rats were subjected to extinction sessions for 3 consecutive days. In these sessions, saline was substituted for cocaine and animals were allowed to self-administer the saline under the PR schedule of reinforcement. Each extinction session lasted 3 h or less if 1 h elapsed without an infusion. The number of saline infusions obtained was recorded.
Upon completion of this phase, rats in each exposure group (AMPH or saline) were randomly divided into three subgroups defined by the test for reinstatement condition (0.0, 0.08, 0.8 nmol/side of AMPA).
Test for reinstatement 1. On the day following extinction, the effect of a priming infusion of AMPA into the NAcc on the reinstatement of cocaine seeking was assessed. Rats were noncontingently administered bilateral infusions of either saline (0.5 ml/side) or AMPA (0.08 or 0.8 nmol/0.5 ml/ Saline (33) Cocaine (33) Cocaine (33) Saline (33) Saline (13) Saline (13) Saline (13) AMPA 0.08 (11) F Saline (11) AMPA 0.08 (11) AMPA 0.8 (9) Saline (9) AMPA 0.8 (9) AMPH (31) Cocaine (31) Cocaine (31) Saline (31) Saline (14) Saline (14) Saline (14) AMPA 0.08 (9) F Saline (9) AMPA 0.08 (9) AMPA 0.8 (8)
Rats were surgically prepared (i.v. catheters and intracranial implants aimed at the NAcc) during the 10-day period separating the exposure phase and the cocaine selfadministration training phase. The duration of the different phases is shown in numbers of days. The n/group are shown in parentheses. On the tests for reinstatement, AMPA was noncontingently infused bilaterally into the NAcc. Indicated doses of AMPA are in nmol/0.5 ml/side.
Effect of psychhostimulants on cocaine self-administration N Suto et al side) into the NAcc. Immediately after the priming infusion, animals were allowed to self-administer saline under the PR schedule of reinforcement for 3 h or less if 1 h elapsed without an infusion. The number of saline infusions obtained was recorded.
The doses of AMPA were in part selected based on the findings of Cornish et al (1999) and Cornish and Kalivas (2000) showing that cocaine seeking under an FR schedule of reinforcement can be reinstated by 0.4 but not 0.04 nmol/ side of AMPA in the NAcc.
Following this test, rats were left undisturbed in their home cages for a withdrawal period of 10-14 days.
Extinction 2. Starting the day after the 10-14 day withdrawal period, all rats were subjected to another series of daily extinction sessions for 12 consecutive days. The procedures used for these sessions were identical to those used for the Extinction I phase. The number of saline infusions obtained in each session was recorded.
Test for reinstatement 2. On the day following extinction, the effect of a priming infusion of AMPA into the NAcc on the reinstatement of cocaine seeking was again assessed. The procedures used for this test were identical to those used in the first test for reinstatement. The number of saline infusions obtained was again recorded for each animal.
Histology
After completion of the experiment, rats were anesthetized with sodium pentobarbital and perfused via intracardiac infusion of saline and 10% formalin. Brains were removed and postfixed in 10% formalin. Coronal sections (40 mm) were mounted onto gelatin-coated slides and subsequently stained with cresyl violet for verification of cannulae tip placements.
Only data obtained from animals with both cannula tips placed in the NAcc were retained for statistical analyses. A total of 14 animals were excluded because one or both injection cannula tips were found to be outside the NAcc (saline-saline, four; saline-AMPA 0.08, three; saline-AMPA 0.8, one; AMPH-saline, two; AMPH-AMPA 0.08, two; AMPH-AMPA 0.8, 2). Thus, the number of animals retained in each group for statistical analyses was: saline-saline, 13; saline-AMPA 0.08, 11; saline-AMPA 0.8, nine; AMPH-saline, 14; AMPH-AMPA 0.08, nine; and AMPH-AMPA 0.8, eight. The location of the injection cannula tips in the NAcc for these animals is illustrated in Figure 1 with their group affiliation.
Data Analyses
The data obtained during the cocaine self-administration training phase (days to criterion) were analyzed with t-test for independent samples (AMPH and saline exposed). The data obtained during the cocaine self-administration testing phase (number of infusions obtained on each test day) were analyzed with one-way between one-way within ANOVA with exposure (two levels: AMPH and saline) as the between factors and days of testing (4) as the within factor. In order to assess the effects of extinction in the three Extinction 1 sessions, the number of saline infusions obtained was compared to the number of cocaine infusions obtained on the last day of cocaine self-administration testing using a one-way between one-way within ANOVA with exposure (two levels: AMPH and saline) as the between factor and days of testing (4) as the within factor. In order to determine whether subgroup differences existed on the last day of extinction, data obtained on this day were further analyzed with two-way between ANOVA with exposure (two levels: AMPH and saline) and priming (three levels: 0.0, 0.08, and 0.8) as the between factors. Data obtained in the Extinction 2 sessions were analyzed with two-way between one-way within ANOVA with exposure (two levels: AMPH and saline) and priming (three levels: 0.0, 0.08, and 0.8) as the between factors and days of testing (12) as the within factor. Again, data obtained on the last day of extinction were further analyzed with two-way between ANOVA as for the Extinction 1 data and compared to the data obtained on the last day of cocaine self-administration testing using a two-way between one way within ANOVA with the above between factors and days of testing (2) as the within factor. Data obtained in the Reinstatement 1 and 2 tests (number of saline infusions obtained) were analyzed separately each with two-way between ANOVA with exposure (two levels: AMPH and saline) and priming (three levels: 0.0, 0.08, and 0.8) as the between factors. The number of infusions obtained in a PR session was used for statistical analysis Paxinos and Watson (1997) . Numbers to the right indicate mm from bregma. n ¼ 8-14/group. The photomicrographs illustrate an injection cannula tip just medial to the anterior commissure (ac) in the NAcc (b) and cresyl violet stained cells in close proximity to it (c). They are from a rat administered 0.8 nmol/0.5 ml AMPA. Magnification is Â 2.5 in (b) and Â 20 in (c).
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RESULTS
Cocaine Self-Administration Training
In agreement with previous reports (Mendrek et al, 1998; Lorrain et al, 2000; Suto et al, 2002 Suto et al, , 2003a Vezina et al, 2002) , rats in the two exposure groups readily satisfied the self-administration training criteria and did so in similar manner regardless of exposure condition. On average, rats in the two groups satisfied each of the FR1 and FR2 criteria in 1-2 days (Figure 2a) . The t-test comparisons conducted on these data revealed no significant effects. Days to achieve the FR1 criterion: t 62 ¼ 0.24, NS. Days to achieve the FR2 criterion: F 62 ¼ 1.15, NS.
Cocaine Self-Administration Testing Under the PR Schedule of Reinforcement
Again consistent with previous reports (Mendrek et al, 1998; Lorrain et al, 2000; Suto et al, 2002 Suto et al, , 2003a Vezina et al, 2002) , rats exposed to systemic AMPH worked more and obtained significantly more cocaine infusions than saline exposed controls when tested under the PR schedule of reinforcement ( Figure 2b ). The ANOVA conducted on these data revealed significant effects of exposure (F 1,62 ¼ 14.74, Po0.001). Neither the effect of day (F 3,186 ¼ 1.49, NS) nor the exposure Â day interaction (F 3,186 ¼ 0.54, NS) achieved statistical significance.
Extinction 1
Replacing cocaine with saline in these extinction sessions significantly reduced lever pressing in both AMPH and saline exposed rats. The ANOVA comparing the number of saline infusions obtained in these sessions to the number of cocaine infusions obtained on the last day of cocaine selfadministration testing revealed significant effects of day (F 3,186 ¼ 17.98, Po0.001) and exposure (F 1,62 ¼ 7.51, Po0.01) and a significant exposure Â day interaction (F 3,186 ¼ 5.40, Po0.01). The latter effects reflect the fact that, compared to saline exposed controls, AMPH exposed rats showed higher levels of responding during cocaine selfadministration and that the extinction procedure diminished responding and eventually obscured this difference between groups. Post hoc Tukey HSD comparison revealed that rats in the two exposure groups did not differ significantly on the last day of extinction.
As rats in each of the two exposure groups were then divided into three subgroups based on test for reinstatement condition, an additional ANOVA was conducted to determine whether group differences in number of saline infusions obtained existed on the last day of extinction as a result of subgroup allocation. No significant differences between the six resulting experimental groups were found (Figure 3a) . The ANOVA conducted on these data revealed no significant effects: exposure (F 1,58 ¼ 0.13, NS), priming (F 2,58 ¼ 1.01, NS), and exposure Â priming interaction (F 2,58 ¼ 0.56, NS).
Reanalysis with ANOVA of the cocaine self-administration test data taking subgroup allocation into account revealed a significant effect of exposure as expected (F 1,58 ¼ 12.98, Po0.001) but no significant differences between the three subgroups in each exposure condition. Neither the effect of priming (F 2,58 ¼ 0.28, NS) nor the exposure Â priming interaction (F 2,58 ¼ 0.88, NS) achieved statistical significance.
Thus, no significant differences between the three reinstatement test groups were observed in each exposure condition during cocaine self-administration testing. Furthermore, rats in the six experimental groups did not differ significantly from one another on the last day of extinction prior to the first test for reinstatement.
Test for Reinstatement 1: Non-Contingent Exposure to Systemic AMPH Enhances the Reinstatement of Cocaine Seeking by NAcc AMPA Consistent with previous reports (Cornish et al, 1999; Cornish and Kalivas, 2000) , infusing AMPA into the 
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NAcc dose-dependently reinstated cocaine seeking regardless of exposure condition (Figure 3b ). Importantly, this priming effect of NAcc AMPA was significantly greater in rats previously exposed to AMPH when compared to the saline exposed controls. The ANOVA conducted on these data revealed significant effects of exposure (F 1,58 ¼ 4.16, Po0.05) and priming (F 2,58 ¼ 38.78, Po0.001) as well as a significant exposure Â priming interaction (F 2,58 ¼ 5.16, Po0.01). Post hoc Tukey HSD comparisons showed that both AMPH and saline exposed rats tested with the 0.8 nmol dose of AMPA obtained significantly more saline infusions than rats in the remaining groups tested with either saline or the 0.08 nmol dose of AMPA (Po0.01-0.001). These comparisons also showed, however, that at the 0.8 nmol dose of AMPA, rats previously exposed to AMPH obtained significantly more saline infusions than their saline exposed counterparts (Po0.01). The cumulative number of presses required to obtain these infusions is also shown. AMPA was not administered during extinction. No significant between-group differences were found. (b) Number of saline infusions obtained on the first test for reinstatement conducted 4 days after the last cocaine self-administration session and 2-3 weeks after the last AMPH exposure injection. Previous exposure to noncontingent AMPH significantly enhanced the reinstatement of drug seeking by NAcc AMPA. Data are shown as specified in (a). **, Po0.01, ***, Po0.001 vs saline-saline.
ww , Po0.01 vs AMPH-AMPA 0.8 as revealed by post hoc Tukey HSD comparisons following ANOVA. (c) Number of saline infusions obtained under the PR schedule of reinforcement on the last day of Extinction 2 by rats in the different groups. Data are shown as specified in (a). Again, AMPA was not administered during extinction and no significant between-group differences were found. (d) Number of saline infusions obtained on the second test for reinstatement conducted 44 weeks after the last cocaine self-administration session. Previous exposure to contingent cocaine significantly enhanced the reinstatement of drug seeking by NAcc AMPA to levels observed in AMPH exposed rats on both tests for reinstatement. Data are shown as specified in (a). ***, Po0.001 vs saline-saline as revealed by post hoc Tukey HSD comparisons following ANOVA. In all cases, group names indicate the exposure condition first and the test for reinstatement condition second. n ¼ 8-14/group.
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Extinction 2
In these extinction sessions initiated 10-14 days following the first test for reinstatement, all rats at first showed elevated levels of lever pressing for saline that approached those exhibited during cocaine self-administration testing. Interestingly, this effect was enhanced both in rats previously exposed to AMPH and in rats tested with the 0.8 nmol dose of AMPA on the first reinstatement test, suggesting long-term effects on drug-seeking precipitated by return to the drug-taking environment of previous exposure to AMPH and NAcc AMPA. The ANOVA conducted on these data revealed significant effects of day (F 11,638 The effects of priming infusion and exposure diminished with days so that by the last day of extinction, no significant differences between groups were observed and responding had diminished to levels significantly lower than those observed on the last day of cocaine self-administration testing (Figure 3c ). Two-way between ANOVA conducted on the data collected on the last day of extinction revealed no significant effects: exposure (F 1,58 ¼ 0.19, NS), priming (F 2,58 ¼ 2.45, NS), exposure Â priming interaction (F 2,58 ¼ 0.55, NS). A two-way between one-way within ANOVA comparing these data to those obtained on the last day of cocaine self-administration testing revealed significant effects of exposure (F 1,58 ¼ 4.65, Po0.05) and days (F 1,58 ¼ 31.09, Po0.001) as well as a significant exposure Â days interaction (F 1,58 ¼ 7.58, Po0.01), the latter reflecting the significant exposure effect on the last day of cocaine self-administration and its absence on the last day of extinction.
Test for Reinstatement 2: Contingent Exposure to Intravenous Cocaine Enhances the Reinstatement of Cocaine Seeking by NAcc AMPA in a Time-Dependent Manner
As in the first test for reinstatement, infusing AMPA into the NAcc again dose-dependently reinstated cocaine seeking on this test (Figure 3d ). However, on this test conducted over 4 weeks after cocaine self-administration, reinstatement was similarly enhanced in both AMPH and saline exposed groups to levels observed on the first test in AMPH exposed rats. These results suggest that, as already reported for locomotor sensitization (Hooks et al, 1994; Phillips and Di Ciano, 1996; Lorrain et al, 2000) , contingent exposure to cocaine may have enhanced responding in rats previously exposed to saline and done so in a time dependent manner. The ANOVA conducted on these data revealed significant effects of priming (F 2,58 ¼ 35.23, Po0.001). Neither the effect of exposure (F 1,58 ¼ 0.78, NS) nor the exposure Â priming interaction (F 2,58 ¼ 0.35, NS) achieved statistical significance. Post hoc Tukey HSD comparisons showed that the 0.8 nmol dose of AMPA significantly increased the number of saline infusions obtained relative to saline and the 0.08 nmol dose (Po0.001) and did so equally in AMPH and saline exposed rats. AMPH exposed rats responded similarly to the 0.8 nmol dose of AMPA on both tests for reinstatement (the number of saline infusions obtained in each test did not differ significantly, t 7 ¼ 0.65, NS), indicating that the enhancement observed on the first test did not diminish with time.
NAcc AMPA Exposure Controls
In the Extinction 2 sessions, there was evidence that exposure to NAcc AMPA on the first test for reinstatement produced a long-term enhancement of the drug seeking precipitated by return to the drug-taking environment. While this evidence was absent by the last extinction session, it is nonetheless possible that exposure to AMPA on the first test for reinstatement, and not contingent exposure to cocaine, enhanced responding to AMPA in saline exposed rats on the second test. To assess this possibility, rats in four additional groups (saline-AMPA 0.08, nine; saline-AMPA 0.8, nine; AMPH-AMPA 0.08, eight; and, AMPH-AMPA 0.8, nine) were surgically prepared as described above and tested in a manner identical to that illustrated in Table 1 with the exception that on the first test for reinstatement, these rats were administered NAcc saline only. Importantly, these animals were exposed to NAcc AMPA only on the second test for reinstatement.
Infusing saline into the NAcc on the first test for reinstatement produced no increase in cocaine seeking in these animals (Figure 4a) . When compared to the salinesaline controls described above and illustrated in Figure 3b , no differences in number of saline infusions obtained was detected. The ANOVA conducted on these data revealed no statistically significant effects: exposure (F 1,56 ¼ 0.002, NS), priming (F 2,56 ¼ 1.05, NS), exposure Â priming interaction (F 2,56 ¼ 0.57, NS). On the second test for reinstatement (Figure 4b ), AMPA again dose-dependently reinstated cocaine seeking, did so equally in both AMPH and saline exposed rats, and produced levels of responding similar to those observed previously and illustrated in Figure 3d . These results indicate that exposure to NAcc AMPA on the first test for reinstatement could not be responsible for the enhanced responding observed in the saline exposed rats on this test. The ANOVA conducted on these data revealed a significant effect of priming (F 2,56 ¼ 39.56, Po0.001). Neither the effect of exposure (F 1,56 ¼ 0.95, NS) nor the exposure Â priming interaction (F 2,56 ¼ 0.32, NS) achieved statistical significance. Post hoc Tukey HSD comparisons showed the 0.8 nmol dose of AMPA significantly increased the number of saline infusions obtained relative to the saline and 0.08 nmol dose priming injections and did so equally in both AMPH and saline exposed rats (Po0.001).
DISCUSSION
In the present experiments, it was found that NAcc AMPA dose-dependently reinstates cocaine seeking, a finding consistent with previous reports. Importantly, the present results show unequivocally for the first time that this reinstatement is enhanced in rats previously exposed noncontingently (AMPH) or contingently (cocaine) to Effect of psychhostimulants on cocaine self-administration N Suto et al psychostimulant drugs. The finding that contingent exposure to cocaine enhanced NAcc AMPA reinstatement over 4 weeks, but not 4 days, later indicates that this effect is time dependent.
It is known that NAcc AMPA receptors are involved in the expression of locomotor sensitization by psychostimulants. Infusing AMPA into the NAcc produces enhanced locomotion in rats exposed to cocaine 2-3 weeks earlier (Bell and Kalivas, 1996; Pierce et al, 1996a) and AMPA receptor antagonists prevent the expression of locomotor sensitization by amphetamine (Karler et al, 1991; Tzschentke and Schmidt, 1997; Mead and Stephens, 1998; cf, Li et al, 1997) and cocaine (Pierce et al, 1996a; Jackson et al, 1998; Bell et al, 2000; cf, Karler et al, 1994; Li et al, 1997) . The present results are consistent with these findings and extend them to the reinstatement of drug seeking. Thus, previous exposure to psychostimulant drugs not only enhances the ability of NAcc AMPA to produce locomotion but also enhances its ability to reinstate drug seeking even after an extended withdrawal period. There have been several reports showing that exposure to a sensitizing regimen of drug injections produces long-term enhancements in animals' predisposition to self-administer drugs (Vezina, 2004) . The present findings show that sensitization also figures importantly in the reinstatement of drug taking and that NAcc AMPA receptors play a critical role. Importantly, they indicate that sensitized individuals, at least in part because of neuroadaptations involving NAcc AMPA receptors, are at even greater risk for relapse even after they have been drug free for an extended period of time. Such a link between sensitization and reinstatement of drug seeking has been proposed by others (De Vries et al, 1998 . However, in these latter experiments it is difficult to assess this relation directly because the experimental designs used do not allow the comparison, on the test for reinstatement, of drug exposed vs saline exposed rats and animals with equivalent experience with the self-administration procedures. The procedures used in the present experiments are not so constrained.
Cue-and cocaine-induced reinstatement of drug seeking has in fact been reported to increase with the passage of time since the last day of drug self-administration (TranNguyen et al, 1998; Grimm et al, 2001 Grimm et al, , 2003 cf, DerocheGamonet et al, 2003) . While the relationship of these findings to sensitization is not fully established (see Vezina, 2004) , they are nonetheless consistent with the present results showing enhanced reinstatement by NAcc AMPA long (2-3 weeks for noncontingent AMPH and 44 weeks for contingent cocaine) but not soon (4 days for contingent cocaine) after drug exposure. Similarly, the magnitude of the enhanced NAcc AMPA induced locomotor response observed in cocaine exposed rats is greater when animals are tested later rather than soon after drug exposure (Pierce et al, 1996a, b) . A number of neuroadaptations have been found to increase with the passage of time since drug exposure, including BDNF protein levels (and presumably BDNF-mediated synaptic plasticity; Grimm et al, 2003) as well as DA and glutamate overflow in response to drug challenge (Vanderschuren and Kalivas, 2000) and these may very well contribute to the progressively enhanced ability of psychostimulant drugs to reinstate drug seeking. It remains to be determined whether and how such neuroadaptations modulate the ability of NAcc AMPA to reinstate drug seeking. Neuroadaptations that are observed in the period soon after drug exposure and subsequently decay (eg D 2 DA autoreceptor subsensitivity, Wolf et al, 1993 ; D 1 DA receptor supersensitivity, Henry and White, 1991) are probably not involved.
Assessments of the effect of exposing animals to AMPH or cocaine on AMPA receptor subunit protein levels in the NAcc have yielded conflicting results. Thus, exposure to AMPH has been reported to lead 2 weeks later to decreased GluR1 and GluR2 AMPA receptor subunit mRNA and The cumulative number of presses required to obtain these infusions is also shown. No between-group differences were detected. (b) Number of saline infusions obtained on the second test for reinstatement. AMPA was administered on this test. Remaining details are as specified in (a). Thus, the enhanced reinstatement observed in saline-AMPA 0.8 rats could not have been due to exposure to NAcc AMPA on the first test for reinstatement. ***, Po0.001 vs saline-saline as revealed by post hoc Tukey HSD comparisons following ANOVA. n ¼ 8-9/group. Effect of psychhostimulants on cocaine self-administration N Suto et al protein levels in the NAcc, leaving GluR3 and GluR4 protein levels unchanged (Lu et al, 1997; Lu and Wolf, 1999) . On the other hand, exposure to cocaine 17-90 days earlier has been reported to either slightly increase GluR1 (Churchill et al, 1999; Scheggi et al, 2002; Lu et al, 2003) and GluR2 protein levels, leave GluR1 (Fitzgerald et al, 1996; Ghasemzadeh et al, 1999) and GluR2 (Fitzgerald et al, 1996; Churchill et al, 1999; Ghasemzadeh et al, 1999; Scheggi et al, 2002) protein and mRNA levels unchanged and decrease GluR3 and GluR4 mRNA levels (Ghasemzadeh et al, 1999) . In another study, GluR1 and GluR2/3 protein levels were not increased 1 week following cocaine self-administration unless animals were subjected to an extinction procedure during the withdrawal period (Sutton et al, 2003) . While multiple factors can certainly be evoked to explain the different results obtained, the range of findings together with the small magnitude of the effects reported (20-50% of control) suggests that factors other than changes in the overall expression of AMPA receptor subunits are responsible for the enhanced ability of NAcc AMPA to produce locomotion and reinstate drug seeking. A number of reports have shown, for example, that phosphorylation of different sites including some on the GluR1 AMPA receptor subunit increases peak open probability (Banke et al, 2000) , unitary conductance (Derkach et al, 1999) and trafficking of the receptor into the synapse (Hayashi et al, 2000) . To the extent that these events have been suggested to accompany synaptic plasticity in different preparations (eg Benke et al, 1998; Lee et al, 2000 Lee et al, , 2003 , it is conceivable that they may underlie enhanced behavioral responsiveness to NAcc AMPA in a manner that is unrelated to overall AMPA receptor subunit expression. Interestingly, D 1 DA receptor activation increases the insertion of the GluR1 AMPA receptor subunit into the cell surface, and possibly synaptic sites, of NAcc cultured neurons through a pathway dependent on protein kinase A (Chao et al, 2002; Mangiavacchi and Wolf, 2004) . Together with recent findings showing that enhanced, but not acute, NAcc AMPA induced reinstatement of drug seeking is DAdependent and accompanied by enhanced DA overflow in this site (Suto et al, 2003b; cf, Pierce et al, 1996a) , these findings suggest a mechanism (enhanced D 1 DA receptor activation) whereby previous drug exposure could enhance NAcc AMPA receptor mediated transmission and generation of behavior. It also remains to be determined, however, whether or not enhanced AMPA receptor function is itself responsible for the enhanced drug-induced DA overflow observed in the NAcc of sensitized animals. Activation of AMPA receptors is associated with fast excitatory transmission in neurons of the NAcc (eg Pennartz and Kitai, 1991) . Thus, reports showing that NAcc AMPA produces locomotion and reinstates drug seeking (see Introduction), that these effects are enhanced in drug exposed animals (Pierce et al, 1996a; present results) , and that phosphorylation of different substrates can enhance AMPA receptor function (see above) are consistent with the view that enhanced stimulation of neurons in the NAcc is associated with enhanced behavioral output. Other reports have shown, however, that previous exposure to sensitizing regimens of cocaine injections produces decreased excitability in medium spiny neurons in the NAcc (Zhang et al, 1998) and long-term depression at glutamatergic synapses onto these neurons (Thomas et al, 2001) . It is, on the surface, difficult to accommodate both of these apparently opposing views. Importantly and consistent with enhanced excitatory transmission, the blockade of AMPA receptors in the NAcc prevents the expression of locomotor sensitization by cocaine (Pierce et al, 1996a; Bell et al, 2000) . In addition, the reinstatement of drug seeking by NAcc AMPA is not mimicked by infusions into this site of the local anesthetic procaine, a finding that does not support depolarization block of neurons in the NAcc as a mechanism of action of AMPA (Cornish et al, 1999) . It is likely that insights will be gleaned by continued characterization of the multiple effects of exposure to drugs on the different neuronal populations of the NAcc. For example, in the study of Thomas et al (2001) , synaptic depression following repeated cocaine was observed in the shell but not the core of the NAcc while the core but not the shell subregion has been reported to contribute to reinstatement of cocaine seeking (McFarland and Kalivas, 2001 ). In addition, while some NAcc medium spiny neurons undergo whole cell and synaptic depression following drug exposure (Zhang et al, 1998; Thomas et al, 2001) , NAcc interneurons display a more robust increase in GluR1 surface expression in response to D1 DA receptor activation (Chao et al, 2002) and may represent important targets for AMPA in the context of the present findings. Enhanced stimulation of these interneurons could possibly lead to enhanced inhibition of select medium spiny neurons (Pennartz and Kitai, 1991) . It remains to be determined how different neurons and the AMPA receptors they express are specifically targeted, whether differences exist between medium spiny neurons and interneurons regarding the insertion of AMPA receptors into synapses and how DA interacts with and modulates these effects. Answers to these questions will help elucidate not only how neuroadaptations involving AMPA receptors can place some individuals at greater risk for reinstatement but also and more importantly what therapeutic interventions can be developed to protect them.
